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Abstract

Background The CRISPR/Cas12a system has revolutionized nucleic acid detection through trigger-activated nonspe-
cific trans-cleavage activity. Enhancing this activity is vital for improving the sensitivity of CRISPR/Cas biosensing sys-
tems. Although various chemical enhancers have been shown to affect Cas12a ribonucleoprotein (RNP), the underly-
ing mechanisms remain poorly understood. Investigating how these enhancers alter the structure of Cas12a RNPs

is essential for elucidating the enhancement mechanisms involved.

Results This study focuses on elucidating the structural changes in Cas12a RNPs induced by various chemical
enhancers via AlphaFold 3, an emerging and powerful tool for analyzing structural changes in protein—nucleic acid
complexes. We validated the ability of AlphaFold 3 to simulate structural changes in Cas12a RNPs activated by trig-
gers and subsequently analyzed the effects of specific enhancers, such as reducing agents (e.g., Dithiothreitol, namely
DTT), divalent cations (e.g., Mg?*, Mn?%), and bovine serum albumin (BSA). Our findings revealed that DTT, simulated
with a cysteine-to-serine Cas12a mutant, caused significant structural changes in Cas12a RNP, as evidenced by nota-
ble shifts in the distance between key residues (Val377 to GIn1136) and a high root mean square deviation (RMSD)
(RMSD > 2). Conversely, divalent cations and BSA did not cause substantial structural changes, resulting in only minor
shifts in residue distance and a low RMSD (RMSD < 2).

Conclusions These results demonstrate that DTT enhances Cas12a activity by inducing significant structural
rearrangements, whereas divalent cations and BSA-induced enhancements do not involve substantial structural
modifications.
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Background

The CRISPR/Cas system, which was originally discovered
as a defense mechanism in bacteria and archaea against
viral infections, comprises CRISPR sequences and Cas
proteins [1]. This technology has revolutionized biomedi-
cal and biotechnological applications, particularly nucleic

acid detection, owing to its efficiency and specificity,
with systems such as DETECTR (DNA endonuclease-
targeted CRSIPR trans reporter) [2], HOLMES (one-hour
low-cost multipurpose highly efficient system) [3], and
SHERLOCK (specific high-sensitivity enzymatic reporter
unlocking) [4]. DETECTR and HOLMES utilize CRISPR/
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Casl2a, which employs nonspecific trans-cleavage medi-
ated by crRNA to amplify signals upon target recogni-
tion [5]. The structure of Cas12a includes RuvC and NUC
(nuclease) domains; the former is responsible for target
recognition and the specific cleavage of both the target
and nontarget strands, whereas the latter guides strands
to the active site, making the Casl2a ribonucleoprotein
(RNP) pivotal in nucleic acid detection [6].

Increasing the trans-cleavage activity of Cas nucleases,
which is crucial for the sensitivity of CRISPR/Cas bio-
sensing systems, can be achieved through various chemi-
cal methods, such as the use of enhancers. Common
enhancers of Cas12a include reducing agents (e.g., DTT)
(7, 8], divalent cations (e.g., Mg**, Mn?*) [9—11], and BSA
[12]. While DTT has been found to increase the activity
of the RNP of the Lachnospiraceae bacterium Casl2a
(LbCasl2a) by causing conformational changes [7], the
current structural evidence is insufficient. Additionally,
comprehensive structural studies on other enhancers are
lacking. For example, the structural influence of diva-
lent cations and BSA on Casl2a RNPs remains unclear,
despite evidence suggesting that divalent cations can
stimulate pre-crRNA processing of FnCas12a RNPs [11]
and stabilize the conformation of crRNA of LbCasl2a
RNPs [10].

X-ray crystallography and cryo-electron microscopy
(cryo-EM) have been successfully used in structural stud-
ies of the CRISPR/Cas system [6, 13—15]. However, these
methods have limitations, such as difficulty in obtain-
ing high-quality crystals of large or flexible molecules
via X-ray crystallography and the high cost and techni-
cal challenges associated with Cryo-EM. Computational
models are therefore important for solving protein fold-
ing problems. AlphaFold, a neural network approach,
uses deep learning to accurately predict the three-dimen-
sional structure of proteins, including 98.5% of human
protein structures [16]. AlphaFold 3, the first Al system
to go beyond real biomolecular structure prediction
tools, can accurately predict complex structures involv-
ing proteins, nucleic acids, and small molecules [17]. This
capability offers a unique opportunity to investigate how
enzyme enhancers influence Casl2a RNP structures,
facilitating a deeper understanding of the mechanisms

(See figure on next page.)
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through which these enhancers increase CRISPR/Cas
system sensitivity.

This study focuses on elucidating structural changes
in Casl2a RNPs induced by enhancers via AlphaFold 3.
Initially, AlphaFold 3 was validated for its ability to simu-
late structural changes in Cas12a RNPs activated by trig-
gers. The effects of specific enhancers on Cas12a RNP
structures were subsequently analyzed. Our results dem-
onstrated that DTT-induced enhancement, simulated
via a cysteine-to-serine Casl2a mutant, significantly
altered the structure compared with activated Casl2a
RNP states, whereas other enhancers, such as divalent
cations and BSA, did not induce detectable structural
changes. This work provides structural insights into how
commonly used enhancers affect Cas12a RNP activity,
leveraging AlphaFold 3 to deepen our understanding of
CRISPR/Cas systems in nucleic acid detection.

Methods

Structural simulation of Cas12a RNPs

The AlphaFold Server, powered by AlphaFold 3, was
used to simulate the structure of the Casl2a RNP. The
sequences are provided in Supplementary Table 1. The
protein and/or guide RNA and/or DNA trigger sequence,
as well as ions were input into separate column with
responding molecular type, the copies of protein, RNA
and DNA were set as one, the copies of Mg2+and
Mn2+ were set as two. Then the job was submitted with
Auto seed. A pTM (predicted template modeling) score
above 0.5 indicates that the overall predicted fold for the
complex might be similar to the true structure. ipTM
(interface-predicted template modeling) measures the
accuracy of the predicted relative positions of the subu-
nits within the complex, with values higher than 0.8 rep-
resenting confident high-quality predictions [18, 19].

Structural comparison of different complexes

The structures of different complexes were compared
via the PyMOL Molecular Graphics System (Version 2.6
Schrodinger, LLC). Protein profiles (model-0.cif) from
PDB or AlphaFold 3 were loaded into PyMOL. The struc-
ture of one complex was aligned with that of another
complex to view the comparable structures and obtain

Fig. 1 Structural analysis of Cas12a RNPs via PDB and AlphaFold3. A Structural comparison between PDB 6NME (inactivated Cas12a RNP,

yellow) and 5XUS (activated Cas12a RNP, green) (RMSD = 2.567). B Molecular estimates of distance changes between Val377 and GIn1136 due

to changes in the Cas12a conformation before and after activation. The Val377-GlIn1136 distance in inactivated RNPs is 24.59 A, and in activated
RNPs, it is 30.13 A. Green: Cas12a protein; blue: nuclease domain (NUC) in Cas12a; brown: gRNA; slate: ssDNA trigger. C Structural comparison
between the simulation model based on AlphaFold3 using the same sequence as PDB 6NME (inactivated Cas12a RNP, purple) and 5XUS

(activated Cas12a RNP, cyan) (RMSD=2.953). D Molecular simulation estimates of distance changes between Val377 and GIn1136 due to changes
in the Cas12a conformation before and after activation by AlphaFold3. The Val377-GIn1136 distance in inactivated RNPs is 24.22 A, and in activated
RNPs, it is 30.86 A. Green: Cas12a protein; blue: nuclease domain (NUC) in Cas12a; brown: gRNA; slate: ssDNA trigger
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Fig. 1 (Seelegend on previous page.)
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the root mean square deviation (RMSD). An RMSD value
greater than 2 A indicates significant differences between
the comparable complexes [20]. PDB 5XUS represents
activated Casl2a RNP; PDB 6NME represents inacti-
vated Cas12a RNP.

Measurement of the Val377-to-GIn1136 distance

Distances between Val377 and GIn1136 in Casl12a RNPs
were simulated and measured via Visual Studio Code
(VS Code, Version 1.91.1). Protein profiles from PDB
or AlphaFold 3 were loaded into VS Code, the protein
viewer of model-0.cif was launched, and the distance
measurement tool was selected. Finally, the distance
between the corresponding residues was measured on
the 3D structure model.

Prediction of intramolecular disulfide bonds
Intramolecular disulfide bonds were predicted via Design
v2.13 [21] (http://cptweb.cpt.wayne.edu/DbD2/index.
php). LbCasl2a (.pdb) was loaded into Design v2.13,
and RUN was pressed to find disulfide bonds via default
parameters.

Results

AlphaFold3 simulates structural changes in Cas12a RNPs
when activated by triggers

To analyze the global conformational changes in Cas12a
RNPs before and after activation, the structures of inac-
tivated (6NME) [15] and activated (5XUS) [6] Casl2a
RNPs from PDB were compared via PyMOL, which
revealed a significant difference, with an RMSD of 2.567
A (Fig. 1A). Because the NUC domain is an important
region of Casl2a for cleavage activity, the conforma-
tion around NUC could be more important than other
regions. The distance changes between Val377 and
GIn1136 in Casl2a were chosen to reflect Casl2a acti-
vation, as GIn1136 is in the NUC domain of Casl2a and
Val377 is in the REC2 region, which is closer to the NUC
in the inactivated state and moves away upon activa-
tion [6]. The distance between Val377 and GIn1136 was

(See figure on next page.)
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24.59 A in the inactivated RNP and 30.13 A in the acti-
vated RNP (Fig. 1B). The same sequences as inactivated
(6NME) and activated (5XUS) Casl2a RNP from PDB
were then used to assess the accuracy of simulation by
AlphaFold3, which displayed similar results as PDB, with
an RMSD of 2.953 A between inactivated and activated
Casl2a RNP and Val377 to GInl136 distances ranging
from 24.22 A in inactivated RNP to 30.13 A in activated
RNP (Fig. 1C-D). Direct structural comparison of the
same Casl2a RNP between PDB and AlphaFold3 indi-
cated that AlphaFold3 could simulate the structures of
Cas12a RNPs with high accuracy (Supplementary Fig. 1).
To assess the versatility of AlphaFold 3 with different
triggers, we used an alternate set of gRNA and trigger,
which also showed significant structural differences, with
an RMSD of 3.133 A between inactivated and activated
Casl2a RNPs (Fig. 2A). The distance between Val377 and
GIn1136 increased from 24.22 A in the inactive RNP to
32.55 A in the activated RNP (Fig. 2B). These results con-
firmed that AlphaFold 3 effectively simulates structural
changes in Cas12a RNPs upon activation with high accu-
racy and versatility.

DTT-enhanced activity of Cas12a RNPs could be simulated

by cysteine to serine mutation on the basis of AlphaFold3

Dithiothreitol (DTT) is a commonly used reducing agent
to break unnatural disulfide bridges, potentially changing
the conformation of the Casl12a RNP and enhancing its
activity. However, the structural evidence was still insuf-
ficient, and direct simulation of Cas12a RNP with DTT
was not feasible with AlphaFold 3 since DTT cannot be
added into the structural model via AlphaFold 3. Instead,
we simulated the effect by mutating all cysteine residues
to serine residues, which share similar characteristics
except for the formation of disulfide bonds, and the muta-
tion did not influence the structure of Casl2a itself or
inactivate Cas12a RNP (Supplementary Figs. 3—4). Struc-
tural comparisons between simulation models of the acti-
vated Casl2a RNP and activated mutCas12a (cysteine to
serine Cas12a mutant) RNP revealed differences, with an
RMSD of 2.082 A (Fig. 2C), and the distances between

Fig. 2 Structural analysis of inactivated, activated and activated cysteine-to-serine Cas12a mutant RNPs on the basis of AlphaFold3. A Structural
comparison between the simulation model based on AlphaFold3 via inactivated Cas12a RNP (deepteal) and activated Cas12a RNP (purple)
(RMSD=13.133). B Molecular simulation estimates of distance changes between Val377 and GIn1136 due to changes in the Cas12a conformation
before and after activation by AlphaFold3. The Val377-GIn1136 distance in inactivated RNPs is 24.22 A, and in activated RNPs, it is 32.55 A. Green:
Cas12a protein; blue: nuclease domain (NUC) in Cas12a; brown: gRNA; slate: ssDNA trigger. C Structural comparison between the simulation model
based on AlphaFold3 using the activated Cas12a RNP (purple) and the cysteine-to-serine Cas12a mutant RNP (smudge) (RMSD=2.082). D Molecular
simulation estimates of distance changes between Val377 and GIn1136 due to the Cas12a conformation changes resulting from cysteine to serine
mutations by AlphaFold3. The Val377-GIn1136 distance from the activated cysteine-to-serine Cas12a mutant RNP is 42.87 A, which is greater

than the 32.55 A distance in the activated Cas12a RNP. Green: Cas12a protein; blue: nuclease domain (NUC) in Cas12a; brown: gRNA; slate: ssDNA

trigger
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Val377 and GIn1136 changed from 32.55 A in the acti-
vated Cas12a RNP to 42.87 A in the activated mutCas12a
RNP (Fig. 2D). These results indicated that DTT-induced
enhancement, simulated via mutCasl2a, significantly
altered the structure compared with activated Casl2a
RNP states, demonstrating that DTT-induced enhance-
ment can be simulated via cysteine-to-serine mutation
via AlphaFold 3.

Divalent cations did not induce significant structural
changes in Cas12a RNPs

Divalent cations, such as Mg?" and Mn?", are known
to increase the activity of Casl2a RNPs. To evalu-
ate their impact on the Cas12a RNP structure, we con-
ducted a structural analysis via AlphaFold 3. For Mg,
two ions were incorporated into the simulated structure
on the basis of the PDB data. The structural compari-
son between the activated Cas12a RNP with Mg®* and
the activated Cas12a RNP revealed minimal differences
(RMSD =0.064) (Fig. 3A). The distance between Val377
and GIn1136 in the Mg**-bound activated Cas12a RNP
is 32.80 A, which is comparable to the 32.55 A distance
observed in the activated Cas12a RNP (Fig. 3B). Similarly,
for Mn*", two ions were added to the simulation, which
also revealed no significant structural changes compared
with the activated Cas12a RNP (RMSD =0.063) (Fig. 3C).
The distance between Val377 and GIn1136 was 32.69 A
in the Mn?*-bound structure, close to the 32.55 A dis-
tance observed in the activated Casl2a RNP (Fig. 3D).
These findings indicated that divalent cations do not
induce structural changes in Casl2a RNPs, and Alpha-
Fold 3 simulations cannot capture the enhanced activity
of Cas12a RNPs because of these divalent cations.

BSA does not induce significant structural changes

in Cas12a RNPs

In addition to DTT and divalent cations, BSA has been
reported as another chemical enhancer for Cas12a RNPs.
To test whether BSA could induce structural changes in
Casl2a, we simulated activated Casl2a RNP with BSA
via AlphaFold 3. The structure of activated Cas12a RNP

(See figure on next page.)

Page 7 of 11

with BSA was not different from that of activated Cas12a
RNP without BSA, with an RMSD of 0.384 (Fig. 4A)
and a distance between Val377 and Gln1136 of 33.19 A,
comparable to the 32.55 A in the activated Cas12a RNP
(Fig. 4B). These results indicated that BSA could not
induce structural changes in Casl2a RNPs, suggesting
that AlphaFold 3 simulations may not accurately reflect
the BSA-enhanced activity of Cas12a RNPs.

Discussion
The RMSD is a common metric used to compare the
three-dimensional coordinates of protein or macromo-
lecular structures [20, 22]. Typically, an RMSD value less
than 2 A between two protein structures indicates high
structural similarity, whereas a higher RMSD value may
suggest significant structural changes. Direct structural
comparison of the same Cas12a RNP between PDB and
AlphaFold3 found that the RMSD was less than 2 A, indi-
cating that AlphaFold3 could simulate the structures of
Cas12a RNPs with high accuracy (Supplementary Fig. 1).
Given that the NUC domain is crucial for Cas12a cleav-
age activity, we focused on the distance between Val377
and GIn1136 as a marker of Casl2a activation. GIn1136
is located within the NUC domain, whereas Val377 is
situated in the REC2 region, which is closer to the NUC
in the inactivated state and moves away upon activation
[6]. The measurements of Val377 to GIn1136 distances
and RMSD (Supplementary Table 2-3), especially for the
structural changes from inactivated Cas12a RNP to acti-
vated Casl2a RNP and from activated Casl2a RNP to
activated Casl2a RNP with an enhancer, confirmed that
changes in the distance between Val377 and GInl136
could provide supplementary evidence for Casl2a acti-
vation and conformational changes in conjunction with
RMSD analysis. Meanwhile, the similarity of Val377 to
GIn1136 distances from the same Casl2a RNP between
PDB and AlphaFold3 confirmed the reliability of Alpha-
Fold to simulate the structures of Casl2a RNPs, pro-
viding idea for chemical enhancer-induced structural
changes in Cas12a RNPs.

Fig. 3 Structural analysis of activated Cas12a RNPs with divalent cations on the basis of AlphaFold3. A Structural comparison

between the simulation model based on AlphaFold3 using the activated Cas12a RNP (purple) and the activated Cas12a RNP with Mg?* (red)
(RMSD=0.064). B Molecular simulation estimates of distance changes between Val377 and GIn1136 due to the Cas12a conformation changes
resulting from Mg?* by AlphaFold3. The Val377-GIn1136 distance in activated Cas12a RNPs with Mg?* is 32.80 A, which is similar to the 32.55 A
distance in activated Cas12a RNPs. Green: Cas12a protein; blue: nuclease domain (NUC) in Cas12a; parakeet: gRNA; magenta: ssDNA trigger;

pink: Mg?*. C Structural comparison between the simulation model based on AlphaFold3 using the actual activated Cas12a RNP (purple)

and activated Cas12a RNP with Mn** (yellow) (RMSD=0.063). D Molecular simulation estimates of distance changes between Val377 and GIn1136
due to the Cas12a conformation changes resulting from Mn?* by AlphaFold3. The Val377-GIn1136 distance in activated Cas12a RNPs with Mn”*
is 32.69 A, which is similar to the 32.55 A distance in activated Cas12a RNPs. Green: Cas12a protein; blue: nuclease domain (NUC) in Cas12a;

parakeet: gRNA; magenta: ssDNA trigger; pink: Mn?*



Pan et al. Health Nanotechnology (2025) 1:1 Page 8 of 11

Activated Cas12a RNP with Mg?* 11,4 jistance from V377 to Q1136

ipTM =0.93 pTM = 0.93

ipTM = 0.93 pTM = 0.93
Fig. 3 (Seelegend on previous page.)



Pan et al. Health Nanotechnology (2025) 1:1

Page 9 of 11

ipTM = 0.65 pTM = 0.68

Fig. 4 Structural analysis of activated Cas12a RNP with BSA on the basis of AlphaFold3. A Structural comparison between simulation models

based on AlphaFold3 via the activated Cas12a RNP (purple) and the BSA-enhanced activated Cas12a RNP (palegreen) (RMSD=0.384). B Molecular
simulation estimates of distance changes between Val377 and GIn1136 due to the Cas12a conformation changes resulting from BSA by AlphaFold3.
The Val377-GIn1136 distance in activated Cas12a RNP with BSA is 33.19 A, which is similar to the 32.55 A distance in activated Cas12a RNP. Green:
Cas12a protein; blue: nuclease domain (NUC) in Cas12a; parakeet: gRNA,; slate: ssDNA trigger; brown: BSA

Direct simulation of the Cas12a RNP with DTT was not
feasible, as DTT cannot be input into AlphaFold3. Recent
research has shown that mutating multiple cysteine
residues to serine residues can increase the activity of
AsCasl2a in cells [23]. LbCas12a contains nine cysteines
(Supplementary Fig. 2), none of which are involved in
intramolecular disulfide bonds according to Design v2.13
(http://cptweb.cpt.wayne.edu/DbD2/index.php).  Thus,
substituting all cysteine residues with serine residues,
which share similar properties except for disulfide bond
formation, can simulate the effect of DTT without alter-
ing the intrinsic structure of Casl2a or its inactive RNP
form (Supplementary Figs. 3—-4). Our results indicated
that the structural changes induced by DTT, simulated via
mutCasl12a, significantly affected the structure compared
with the activated Cas12a RNP state, demonstrating that
DTT-enhanced Casl2a RNP activity can be effectively
modeled via cysteine-to-serine mutations in AlphaFold3.
Moreover, mutCasl2a could be utilized in experimental
settings to increase Cas nuclease trans-cleavage activity,
even in the absence of DTT or other reducing agents.

Our simulation of divalent cation-bound Casl2a
RNPs suggested that divalent cations such as Mg*™ and
Mn?* might act as enhancers by stabilizing crRNA con-
formation rather than inducing structural changes in
LbCas12a RNPs. However, AlphaFold3 could not verify
interactions involving (Mg(H,0),)*" and crRNA, which
was reported previously [10], because of the inability
to input H,O into the simulation model. Research has
shown that only Mn?* can activate the crRNA-inde-
pendent DNase activity of LbCasl2a, whereas Mg>"
does not have this effect [24]. We then simulated the
structural change in LbCasl2a caused by Mn?* and
Mg®" and found that neither Mn** nor Mg?" caused
a significant structural change in LbCas12a; however,
the RMSD between Casl2a and Mn**-bound Cas12a
was 1.910 A, which is close to the significance thresh-
old of 2 A. These findings suggested that Mn?* partially
activated LbCas12a by inducing slight conformational
changes (Supplementary Fig. 5). Therefore, we specu-
lated that Mg®* and Mn?*" might stabilize the crRNA
conformation rather than induce structural changes in
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LbCas12a RNPs, whereas Mn* could affect the struc-
ture of LbCas12a in the absence of crRNA.

For the simulation of Cas12a RNP with BSA, the pTM
score was 0.68, indicating that the overall predicted fold
of the complex may resemble the true structure [18,
19]. The ipTM score ranged between 0.6 and 0.8 (0.65),
suggesting variable accuracy in predicting the relative
positions of the subunits. Considering that the RMSD
reflects overall fold similarity between complexes and
pTM scores, the overall predicted folds of the complex
for activated Cas12a RNP and BSA-enhanced activated
Casl2a RNP were 0.92 (Fig. 2B) and 0.68 (Fig. 4B),
respectively, and the RMSD between these two states
might be accurate. This finding suggests that BSA
enhances Cas12a RNPs not by inducing significant struc-
tural changes, but likely through one or more of the fol-
lowing mechanisms: 1) stabilization of Cas proteins and
other macromolecules in various reactions; 2) neutrali-
zation of unknown inhibitors within the system, particu-
larly those arising from protein purification or nucleic
acid preparation; and 3) promotion of the refolding of
Cas proteins by modulating solvent properties [12].

Conclusion

In this study, we investigated the structural changes in
Casl12a RNPs induced by various chemical enhancers via
the computational tool AlphaFold 3. Our findings dem-
onstrated that while AlphaFold 3 can accurately simulate
the conformational changes in Cas12a RNPs upon acti-
vation, it also effectively models the structural changes
induced by certain enhancers. Specifically, we observed
significant structural alterations in the presence of DTT,
which were simulated via a cysteine-to-serine Casl2a
mutation, as evidenced by the substantial change in the
distance between the Val377 and the GIn1136 residues
and an RMSD value greater than 2 A, indicative of nota-
ble conformational shifts. This suggested that DTT may
increase Casl2a activity by inducing significant struc-
tural rearrangements. Conversely, the application of
divalent cations (Mg?*, Mn*") and BSA did not result in
detectable structural changes, with a small change in the
distance between the Val377 residue and the GIn1136
residue and an RMSD remaining below 2 A. These results
implied that the enhancement of Cas12a activity by these
agents may not involve substantial structural modifica-
tions but could instead be attributed to other factors,
such as the stabilization of the crRNA conformation or
other mechanistic pathways. The insights gained from
this study deepen our understanding of the molecu-
lar mechanisms underlying enhancer-induced activity
modulation in CRISPR/Cas systems, highlighting the
potential and limitations of computational approaches in
structural biology.
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